Regulation of molecular transport via intercellular channels called plasmodesmata (PDs) is 12 important for both coordinating developmental and environmental responses among 13 neighbouring cells, and isolating (groups of) cells to execute distinct programs. Cell-to-cell mobility 14 of fluorescent molecules and PD dimensions (measured from electron micrographs) are both used 15 as methods to predict PD transport capacity (i.e., effective symplasmic permeability), but often yield 16 very different values. Here, we build a theoretical bridge between both experimental approaches 17 by calculating the effective symplasmic permeability from a geometrical description of individual 18 PDs and considering the flow towards them. We find that a dilated central region has the strongest 19 impact in thick cell walls and that clustering of PDs into pit fields strongly reduces predicted 20 permeabilities. Moreover, our open source multi-level model allows to predict PD dimensions 21 matching measured permeabilities and add a functional interpretation to structural differences 22 observed between PDs in different cell walls. 23 24 51 are embryo or seedling lethal, highlighting the importance of these structures for normal plant 52 development (Kim et al., 2002; Benitez-Alfonso et al., 2009; Xu et al., 2012). 53 Small molecules can move via PD by diffusion (non-targeted transport). This is considered to 54 be predominantly symmetrical (Schönknecht et al., 2008; Maule, 2008), while in certain tissues, 55 such as secreting trichomes (Waigmann and Zambryski, 1995; Gunning and Hughes, 1976) and the 56 phloem (Ross-Elliott et al., 2017; Comtet et al., 2017) , hydrodynamic flow may create directionality. 57 The maximum size of molecules that can move by this generic "passive" pathway is often referred to 58 2 of 38 Manuscript submitted to eLife as the "size exclusion limit" (SEL), which obviously depends on PD properties and structural features 59 (Dashevskaya et al., 2008). Large molecules can move through PD via an ''active" or "targeted" 60 pathway overriding the defined SEL. This may involve additional factors that temporarily modify 61 these substrates, target them to the PDs, or induce transient modifications of the PDs to allow for 62 the passage of larger molecules in a highly substrate dependent fashion (Zambryski and Crawford, 63 2000; Maule et al., 2011). 64 Computational modelling approaches have been applied to model PD transport but, so far, 65 these have mainly focused on hydrodynamic flow and the specific tissues where that matters (Blake, 66 1978; Bret-Harte and Silk, 1994; Jensen et al., 2012; Ross-Elliott et al., 2017; Comtet et al., 2017; 67 Foster and Miklavcic, 2017; Couvreur et al., 2018). The few existing studies on diffusive transport 68 do not consider neck constrictions or the approach to PDs from the cytoplasmic bulk. Most models 69 consider PDs as straight channels, with advective/diffusive transport through an unobstructed 70 cytosolic sleeve and typically, but not always, account for reduced diffusivity inside these narrow 71 channels compared to the cytosol (Bret-Harte and Silk, 1994; Liesche and Schulz, 2013; Dölger 72 et al., 2014; Ross-Elliott et al., 2017; Couvreur et al., 2018). Only the oldest of this set, Blake (1978), 73 uses a dilated central region in its calculations, but is entirely focused on hydrodynamics. In specific 74 contexts, also a few other geometries are considered. Ross-Elliott et al. (2017) also consider "funnel" 75
Introduction 25 The formation of spatial patterns in plants requires the transport and interaction of molecular 26 signals. This sharing of information coordinates cell fate decisions over multiple cells and the 27 isolation of cell fate determinants within a cell or group of cells on the same developmental path. 28 Small molecules such as sugars, peptides, hormones and RNAs move long and short distances to 29 coordinate cell/organ development (Otero et al., 2016) . Cell-to-cell transport of proteins, such as 30 transcription factors, is also important in the regulation and/or developmental reprogramming 31 of local cellular domains (Gallagher et al., 2014) . A well studied example is SHORT-ROOT (SHR), 32 an Arabidopsis thaliana GRAS family transcription factor, that moves from the stele to cortical-33 endodermal tissue layers to specify cell fate and root patterning (Nakajima et al., 2001; Spiegelman 34 et al., 2018; Wu and Gallagher, 2013, 2014) . Other mobile factors with developmental importance 35 include TARGET OF MONOPTEROS 7, PEAR transcription factors and miRNAs (Lu et al., 2018; 36 Miyashima et al., 2019; Skopelitis et al., 2018) . 37 Plant cells are connected by channels named plasmodesmata (PDs) that facilitate the transport 38 of these molecules. PD are narrow membrane lined structures embedded in cell walls to allow for 39 symplasmic (cytoplasm-to-cytoplasm) molecular flux (Figure 1) . The ER forms a tubular structure called desmotubule (DT) that traverses the PD, leaving a discrete cytosolic sleeve (also called 41 "cytoplasmic sleeve" in the literature) where molecular transport occurs (Nicolas et al., 2017a; 42 Sager and Lee, 2018). In the region closest to the PD entrances, the cytosolic sleeve appears 43 constricted (neck) in most tissue types, although there are recent observations of 'straight' PDs 44 in meristematic root sections (Nicolas et al., 2017b) . Cell walls at PD locations play a key role in 45 regulating its dimensions. The accumulation of callose, a cell wall beta-1,3 glucan polysaccharide 46 synthesized by callose synthases and degraded by -1,3-glucanases (Zavaliev et al., 2011; Amsbury et al., 2017) , is the best understood mechanism for the control of PD dimensions and symplasmic 48 transport capacity (i.e. effective symplasmic permeability). Other factors such as membrane 49 composition, shape and number of PDs change during development and between cell types adding 50 extra dimensions to PD regulation (Nicolas et al., 2017a) . Mutants blocked in PD form and function structural dimensions and molecular fluxes and reveal conflicts on these determinations. We, 140 therefore, recommend these should be applied systematically when defining effective symplasmic 141 permeability for a particular tissue/molecule and/or biological context. To facilitate this, we share 142 a python program for computing effective permeabilities from PD geometries as a community 143 resource. 144 
Results

145
Outline of the model 146 Our aim is to describe the symplasmic transport properties of a cell wall as an effective wall 147 permeability, i.e., a single number that could be plugged into tissue/organ level models. For this, 148 we split the transport into two parts: the movement through an individual channel representing a 149 PD and the approach to this channel from the cytoplasmic bulk (Figure 1) . This implicitly assumes a 150 homogeneous cytosol. The basic geometrical terminology that we considered in our calculations is 151 introduced in the cartoon PD shown in Figure 1B . An overview of all mathematical symbols is given 152 in Appendix 1. 153 Obtaining good EM data of PD dimensions is notoriously hard. We therefore opted for a 154 simple geometrical description that allows us to study the effects of PD neck, central region and 155 desmotubule dimensions with as few parameters as possible (see methods). We modelled a single 156 PD as a 3-part cylindrical channel (Figure 2A) , with total length , which would typically equal the Figure 2. Model PD geometry and hindrance effects. A: Individual PDs are modelled using multiple cylinders with a total length , neck (inner) radius and neck length , central region (inner) radius and desmotubule (outer) radius . B,C: Illustration of the impact of steric hindrance and rescaled parameters. The gray areas of the longitudinal (B) and transverse (C) sections cannot be reached by the center of the particle with radius (steric hindrance). For a concise description of the available volume and cross section area, we use the rescaled lengths̃ = + ,̃ = − ,̃ = + and̃ = − . C: The cross section area available for diffusion on a transverse section was named̃ , which depends on the particle radius ( ).̃ is the area of the white ring in each cross section. The maximum particle sizē is illustrated with a dashed circle. For a particle of size =̄ , = 0. D: In practice, particles spend less time diffusing close to the wall than farther away from it (hydrodynamic hindrance). Consequently, the area close to wall contributes less to diffusive transport, as illustrated with purple gradients. These additional hindrance effects are accounted for iñ . plasmodesmal "neck" constriction. These have length and radius . The central region has radius 159 . Over the whole length, the center of the channel is occupied by a "desmotubule" (DT) modelled 160 as a cylinder of radius . The part available for diffusive transport, the cytosolic sleeve, is the 161 space between the outer cylinder wall and the DT. 162 We made the arguably simplest choice of modelling particles as (non-additive, i.e. not interacting 163 among themselves) hard spheres with radius . This is partially supported by previous research 164 showing that the hydrodynamic radius is the main determinant of PD transport characteristics, 165 leaving behind, among others, particle charge (Dashevskaya et al., 2008; Terry and Robards, 1987) . 166 We also assumed that PD walls are rigid, and hence are unable to deform to accommodate larger 167 particles. These assumptions imply a boundary condition: the center of a particle cannot come 168 closer to the wall than the particle's radius (Figure 2B,C) . This so-called steric hindrance reduces the 169 volume that is available for diffusion of the particle's center in a size dependent manner. Moreover, 170 the maximum particle radius that can pass the PD,̄ , is always well defined. In practice, a precise 171 definition of the SEL in terms of molecule size/shape is hard to give, however, we can usē to 172 operationalize the SEL concept in a straightforward manner. To avoid confusion, however, we will 173 consistently writē when referring to our model. 174 We introduced rescaled geometrical parameters to account for the reduced available volume 175 in a compact way:̃ = + ,̃ = − ,̃ = + and̃ = − . With these, the available 176 surface area ( Figure 2C) is
with = for the neck and = for the central region. In the typical situation that the neck is the 178 narrowest part of the channel, the maximum particle radius that can pass is:̄ = ( − )∕2.
179
Considering pure diffusion without particle turnover inside the PD, particle flux through the 180 channel is described by = ∇ 2 , or in steady state: ∇ 2 = 0, with the position 181 dependent particle concentration and the particle's diffusion constant inside the PD. Note that 182 strongly depends on particle size. Assuming a homogeneous distribution of particle flux over (the 183 available part of) each channel cross section, we can treat diffusion through the channel as a simple 184 1D problem along the channel axis (for the impact of this assumption, see Appendix 2). Particle 185 mass conservation, as dictated by the steady state diffusion equation, then gives that the local 186 concentration gradient at position , ∇ , is inversely proportional to the available surface area 187 , so ∇ =̃ ∕̃ ∇ . The total concentration difference over the PD, Δ = − 0 is accordingly 188 distributed over the channel: Δ = 2̃ ∇ + ( − 2̃ )∇ . The steady state molar flow rate ( ) 189 through each channel is proportional to the entrance cross section: ( ) = − ̃ ∇ . Solving these 190 equations for ∇ leads to:
This result can be improved further by incorporating hydrodynamic interactions between particles 192 and walls (Figure 2D) . To that end we followed Liesche and Schulz (2013) in employing the so-193 called hindrance factors 0 ≤ ( ) < 1, which are based on proper cross sectional averaging of 194 particle positions over time, as described by (Dechadilok and Deen, 2006) . Based on geometrical 195 considerations, we used the factors for a slit-pore geometry (see methods). These factors depend 196 on the relative particle size . In our case, = 2 ∕( − ). In the neck region, = ∕̄ . For the full 197 expression and behaviour of ( ), see methods. 198 As ( ) already includes the effect of steric hindrance between wall and particle, we can adjust 
For completeness, we note that the simplification of a uniform particle flux along the channel axis is 201 violated near the neck-central region transitions, resulting in an error of a few percent (see methods 202 6 of 38 Figure 3. Impact of particle size (radius = ) on single pore effective permeability Π( ). A: Dependence of Π( ) on neck radius ( ) and (different line colours, see legend). The diffusion constant is inversely proportional to particle size ( = 1 ∕ ). Dashed lines show Π( ) considering only steric hindrance, solid lines include all hindrance effects. B: Using the same diffusion constant for all particle sizes instead shows that, once particles can pass easily, the particle size dependence of Π( ) is largely due to the relation between particle size and diffusion constant. Parameters for calculations: = 200 , = 25 , = 8 , = 17.5 . For simplicity we use 1 = 1 3 ∕ in this figure. Therefore, only the relative values of the unit permeabilities have meaning (consequently expressed in arbitrary units (a.u.)). for further discussion). We now define the permeation constant of a single PD, Π( ), through the 203 rule steady-state flow rate = permeation constant × concentration difference, yielding
We also defined as the corresponding estimate for the mean residence time (MRT) in the 205 channel. Using a steady state mass balance argument this can be calculated as the number of 206 particles in the channel divided by the number leaving (or entering) per unit of time (see methods 207 for further description).
Having defined the permeation constant of a single channel, the effective symplasmic permeabil-209 ity of the wall as a whole ( ( ), the quantity that can be estimated using tissue level measurements) 210 follows from the definition = Δ (steady state flux = permeability × density jump):
with , the density of PDs per unit wall area (number∕ 2 ) and ℎ , a (density dependent) correction 212 factor for the inhomogeneity of the wall (0 < ℎ < 1). The latter takes into account that the wall is, 213 in fact, only permeable at discrete spots. To calculate ℎ , we considered a linear chain of cells of 214 length that are symplasmically connected over their transverse walls ( Figure 1C) and computed 215 mean first passage times (MFPT) through a straight PD and a column of cytoplasm surrounding the 216 PD. The column was determined by assigning every bit of cytoplasm to the PD closest to it. For a 217 regular triangular PD distribution, this results in a hexagonal column from the middle of one cell 218 to the middle of the next, with a PD in its centre (Figure 1D) . We then converted the MFPT to an 219 effective wall permeability and compared the result with the uncorrected effective permeability 220 computed as Π( ) (as described in the methods).
221
As expected, ( ) depends on particle size. Two factors underlie this size dependence, which 222 both affect Π( ): hindrance effects, which reduce the space available for particle diffusion, and the 223 7 of 38
Manuscript submitted to eLife fact that the diffusion constant is inversely proportional to particle size: = 1 ∕ . Figure 3A Figure Supplement 1 show that hindrance effects have the strongest impact for particle 225 sizes close to the maximum̄ , whereas the particle diffusion constant always has a large impact 226 Figure 3B . For example, at = , the 50+ fold difference between = 0.1 nm and = 2 nm is 227 reduced to a 3-fold difference when ignoring the particle size dependence of the diffusion constant. 228 Using the model presented here, we computed the effects of different PD structural features and 229 changes in PD density and distribution on effective symplasmic permeability and its dependence 230 on particle size as described below.
231
A dilated central region increases molecular flux in thicker cell walls 232 Electron microscopy suggests that PDs often have a neck region of reduced radius in comparison to 233 the central region. We investigated how a constricted neck region, or, similarly, a dilated central 234 region, affects PD transport. For this, we compared transport properties while conserving the size 235 selectivity (constant̄ ). We investigated how both the transport volume (using Equation 2) and 236 transport time ( as above) change when the central region is dilated. To compare channels with 237 neck and dilated central region (12 nm = ≤ ) with narrow straight channels ( = = 12 nm), 238 we define a relative molar flow rate as = ∕ and similarly relative (Figure 4) . For 239 a more detailed discussion of and its computation, see methods and Appendix 2. 240 We then investigated how both and change with increasing central region radius and 241 how this depends on particle radius and PD length (Figure 4) . The panels A and B show that 242 molar flow rate increases with the central radius but quickly saturates, whereas mean resident time 243 increases without upper bound. Moreover, both quantities increase faster for larger particle sizes 244 ( , dashed lines). In fact, from studying the limiting behaviour of the underlying formulas, we found 245 that is always less than its theoretical maximum 2̃ , whereas ultimately scales quadratically 246 with , and, equivalently, linearly with the surface ratiõ ∕̃ (see Appendix 3 and Appendix 3 247 Figure 1 ). In simpler terms: the benefits of increased transport volume with increasing saturate, 248 and instead the costs in transport time increases ever faster with further dilation of the central 249 region. This defines a trade-off between transport volume and transport time with increasing 250 when we analyze a single PD with a given entrance area. 251 Our computations also show that with increasing PD length , the balance between both factors 252 shift, because a much larger increase of is possible (Figure 4A-C) . Similarly, for any given 253 combination of and , decreases with increasing and decreases faster for shorter 254 , whereas has its maximum at̃ = ∕2 (Figure 4-Figure Supplement 2) . Together, these 255 computations suggests that dilation of the central region is more favourable in thicker cell walls. PD length (cell wall thickness) and for various particle sizes. As an example, panel C shows the 265 variations observed when considering = 17.5 nm ( * in A,B). We found that the molar flow rate 266 increases less than the MRT when increasing from 17.5 nm to 26.4 nm, except for the 267 smallest particle sizes in combination with large ( Figure 4D) . These data suggest that in cell walls Figure 5. DT increases the cross section surface area available for transport per channel given a maximum particle radius̄ . A: The number of cylindrical channels ( ) that is required to match the total entrance surface of a single channel with = 8 and the same maximum particle radius̄ . B: shows the relative area available for transport ( ) in relation to relative particle size ( ∕̄ ) when comparing channels with DT and the equivalent number of cylindrical channels. Total surface area is the same. Solid lines include all hindrance effects (̃ , ∕̃ , ; cf. Figure 2D) . Dashed lines includes steric effects only (̃ , ∕̃ , ; cf. Figure 2C) . For the same given maximum particle size a PD with desmotubule can transport 278 more than a PD without 279 A conserved feature of PDs -at least in embryophytes-is the presence of the DT, so we asked how 280 this structure affects the transport capacity for particles of various sizes. In our model, the DT and 281 the neck radius jointly define the maximum particle radius̄ . Assuming that control over maximum 282 particle sizē is important and a high net flux often is desirable, we estimated the number of 283 cylindrical channels required to match a single PD with DT. Using that ( ) is proportional to orifice 284 area (≈ ), we first computed (̄ ), the number of circular channels that would offer the same 285 as a single channel with a DT of radius = 8 and the samē :
(7) Figure 5A displays the (̄ ) as a function of the maximum particle size. As an example, when 287̄ = 2 , 20 cylindrical channels without DT would be needed to match the orifice surface area of a 288 single channel with DT (with = 8 ). This number decreases for larger̄ . We then considered 289 that not all of this surface area is available for transport because of hindrance effects (Figure 2B-D) . 290 We found that even if the total surface area is the same, the channel with DT has a larger available 291 surface area than the equivalent number of cylindrical channels. This is because in cylinders a 292 larger fraction of the surface is close to the wall and, hence, hindrance effects are much more 293 severe (Figure 5B, Figure 5-Figure Supplement 1) . The difference increases with increasing relative 294 particle size ( ∕̄ ). Steric hindrance, i.e. the center of a hard particle cannot come closer to the wall 295 than its own radius, plays only a minor part in this effect (Figure 5B) . 296 Clustering of PDs in pit fields reduces effective symplasmic permeability 297 The cell wall is only permeable for symplasmic transport where the PDs are. In this scenario, 298 particles have to diffuse longer distances (on average) to reach a spot to cross the wall compared to 299 a wall that is permeable everywhere. To account for this, we have introduced a correction factor, 300 or "inhomogeneity factor", ℎ in Equation 6 for the effective symplasmic permeability. Here, we 301 Figure 6 . Correction factor ℎ for inhomogeneous wall permeability depends on PD distribution, cell wall thickness and neck radius. A: The cartoon shows the geometrical considerations and parameters used to model the diffusion towards PDs. Cell wall inhomogeneity is incorporated as a correction factor ℎ , 0 < ℎ ≤ 1, which measures the relative impact of cytoplasmic diffusion towards the locations of the PDs in the cell wall compared to reaching a wall that is weakly but homogeneously permeable (i.e., with ℎ = 1). The cytoplasm is considered homogeneous. Each bit of cytoplasm can be assigned to the PD closest to it. With PDs on a regular triangular grid, the cytoplasm belonging to a single PD, with an outer (neck) radius , is a hexagonal column with cross section area and 1/2 of the cell length on either side of the wall. B-D: ℎ is represented as a function of . The presence/absence of DT does not affect the values of ℎ (Figure Supplement 1A) . In all cases, solid lines correspond to: = 100nm, = 10 m, = 0.5nm, a PD density of = 10 PD/ m 2 , and PDs distributed on a triangular grid. Broken lines show the effects of changes in PD density (B), PD length (C) and PD distribution (D). depends on all model parameters. To calculate ℎ , we treated the cytoplasm 302 as a homogeneous medium. This simplifying assumption is necessitated by the lack of detailed 303 information on the cytoplasm structure and how it differs among cells. Effectively, we assumed 304 that the obstructing effects of ER, vacuoles, etc. are similar throughout the whole cell volume and 305 thus can be captured in a single reduced cytoplasmic diffusion constant. 306 First, we calculated ℎ for isolated PDs positioned on a triangular grid in the cell wall (Figure 6A) , 307 as described in the methods. In Figure 6 we presented ℎ as a function of and explored its 308 dependence on particle size (Figure 6-Figure Supplement 1A) , presence/absence of DT ( thickness (C) and PD distribution in the wall (D). We found that, provided that is large enough 311 for particles to enter (as indicated by vertical cyan lines in Figure 6-Figure Supplement 1A) , ℎ 312 is independent of cell length and particle size (Figure 6-Figure Supplement 1A,B ) and is not 313 affected by the DT. We also adjusted the computation for different regular trap distributions 314 (Berezhkovskii et al., 2006) to find that ℎ also hardly depends on the precise layout of PDs 315 ( Figure 6D) . Although variations in ℎ appear larger at low PD densities, for typical values 316 (for example, 12 nm as in Figure 4 ) density only has a minor impact (Figure 6B ). Finally, we found an 317 increase of ℎ with increasing PD length , saturating to its theoretical maximum of ℎ = 1 in thick 318 cell walls ( > 500nm) ( Figure 6C ). This result reflects the increasing time required for passing the PD 319 itself with increasing PD length and, hence, a decreasing relative importance of the cytoplasmic 320 diffusion. 321 Second, we investigated the effect of PDs grouped in small clusters resembling pit fields (see field. We found that ℎ decreases with increasing number of PDs in a pit (and constant total PD 330 density ). Different from isolated PDs, Figure 7A also reveals that, when grouped in pit fields, there 331 is a strong dependence of ℎ on total PD density (number of PD entrances per area of cell wall).
332
This could be predicted from extrapolating Figure 6B for isolated PDs, where density dependence 333 also increases with increasing PD radius, because cluster radii are much larger than the largest 334 used in Figure 6B . Figure 7B shows that clustering (in this case 7 PDs) increases the dependence 335 of ℎ on PD length (compare solid and dashed lines of the same colour). Increasing the distance 336 between PDs within the cluster (Figure 7C) , also increases the dependence of ℎ on PD density. 337 Also the arrangement of PDs in small model clusters affects the degree of dependence ℎ on . In 338 both cases, we observe the steepest dependency of ℎ on for the clusters with the lowest within 339 cluster PD density (pit fields with = 5, 6 and 19: indicated with blue lines in Figure 7A ; see also 340 Table 2 ). 341 It is hypothesized that PD clustering arises or increases in the process of increasing PD number 342 post cytokinesis, possibly through (repeated) "twinning" of existing PDs (Faulkner et al., 2008) . We, 343 therefore, also investigated the effect of increasing the number of PDs per cluster ( ), starting from 344 1 PD per cluster ( Figure 7D ). As expected, ( ) always increased with the increase in cluster size/PD 345 number (Figure 7D) , despite the decrease in ℎ compared to homogeneously distributed PDs. This 346 increase was larger for larger pit densities (number of pit fields per cell wall area).
347
In summary, for isolated and roughly evenly distributed PDs, the correction factor ℎ for 348 inhomogeneous wall permeability has only a minor role on ( ). 2 p = p = p = p = p = 3 4 5 6 7
A C D B Figure 7 . Impact of PD clustering into pit fields. PD organization within pits is indicated with small cartoons in each graph. Pits themselves are distributed on a regular triangular grid. Within pit fields, the nearest neighbour distance between PDs (120 nm by default) is independent of the number of PDs per pit field. A-C: ℎ is represented as a function of total PD density (the total number of PD entrances per unit of cell wall area) for: a varying number of PDs per cluster (as indicated by line type, A), for different PD length (B, solid lines: isolated PDs, dash-dotted lines: 7 PDs per cluster, red colour indicates : 100 nm, cyan for 200 nm, blue for 500 nm) and for different PD spacing within clusters (C, shown for clusters of 7 PDs with centre-to-centre distance as indicated by line type and colour). Cluster sizes 5, 6, and 19 are indicated with blue lines for readability (A,D). For comparison, ℎ for non-clustered but randomly distributed PDs is also indicated. D: The impact of increasing the number of PDs per cluster on ( ) as a function of cluster density (the number of pit fields per unit of cell wall area). Lines show the fold increase of ( ) when increasing the number of PDs per cluster from 1 to the number indicated by the line type (same as in A). Lines are terminated where ℎ of clusters meets ℎ of isolated PDs at the same total PD density. Beyond that, calculation results are no longer reliable because clusters get too close and the impact of clustering on ℎ could be considered negligible. A-D: Default parameters: = 100 nm, = 120 nm, = 12 nm. a much larger impact on ℎ . We observed the biggest difference between isolated PDs and pairs, 353 i.e., when going from single to twinned PDs (Figure 7A) . (Figure 8A,B, Table 1 ). 387 Notably, the required neck radius for the single cell experiment fits within the range of the tissue 388 level experiment when considering the respectively measured densities. This prediction is plausible 389 if we consider that, in the same tissues, GFP (a protein with a reported hydrodynamic radius of . Using our default , should be distinctly wider than 13-14 nm for GFP to move. We 392 also explored the possibility that PD densities are higher than determined by (Zhu et al., 1998) . We 393 found that to obtain the required effective permeabilities for CF with our default = 12 nm, we 394 would need PD densities of 33 -47 PDs −2 for the tissue level experiment and 19 (14 -23) PDs 395 −2 for the single cell experiment ( Table 1) . The ratio of these required densities is in line with the 396 observed ratio of relevant densities (Zhu et al., 1998) . 397 Using the model, we also explored the effect of "necked"/"dilated" PDs by adding a wider central (Figure 8D) , the calculated effective permeabilities increased relatively more, but remained 402 too low, suggesting that increasing cavity radius is never sufficient for reproducing the Rutschow 403 et al. (2011) values (see also Figure 4 ). 404 Using the tissue level setup, Rutschow et al. also reported drastic changes in effective perme-405 ability after H 2 O 2 treatment. They found a strong decrease in symplasmic permeability to ≈ 1 ∕ 406 after treatment with a "high" H 2 O 2 concentration, which was explained by rapid PD closure through 407 callose deposition. Using our program we found that, for this reduction of ( ), callose must 408 reduce to 11 nm ( = 10 −2 ) or 10.6 nm ( = 13 −2 ), resulting in̄ = 1.5 nm or 1.3 nm, respec-409 tively. The authors also found a strong increase in permeability to ≈ 25 ∕ after treatment with 410 a "low" H 2 O 2 concentration. Reproducing this increase requires a large change at the PD level. At 411 the extremes, an increase of to approximately 29 nm for = 10 −2 (Figure 8A,B, Table 1B) , or a 412 slightly more than 4 fold increase in PD density would be required to reproduce this high effective 413 permeability (Table 1C) . Alternatively, both and would have to increase substantially (Figure 8B) . 414 As an extreme hypothesis, we also calculated the effects of complete DT removal. The increases in 415 ( ) that could be obtained this way were by far insufficient to explain the reported effect of mild 416 2 2 treatment (Figure 8C,D) , making DT modification or removal a highly unlikely explanation for 417 this change. changes in symplasmic permeability can be achieved with several fold higher densities than typically 423 measured. These predictions provide a framework for experimental validation. We also compared 424 the results obtained with our unobstructed sleeve model and the sub-nano channel architecture. 425 Using the sub-nanochannel architecture, much larger PD densities would be required to achieve the 426 same ( ): roughly twice as large for̄ = 3.5-4 nm and even larger for smaller̄ (see Appendix 5A). 427 These results favour unobstructed sleeve models for offering more plausible hypotheses to explain 428 the experimental results for CF and the impact of H 2 O 2 treatment on effective permeability. Rutschow et al., 2011) with the default model. This table was generated using PDinsight. A: Required density ( ) for a given̄ and neck radius ( ). B: Required̄ and corresponding for a given . C: values required to reproduce ( ) = 25 m/s. Values computed for a 2x, 3x and 4x increase of are also shown. This is done both for a uniform increase of the density ( = 1) and for (repeated) twinning ( > 1) from a uniform starting density (indicated in bold effects of PD distribution, we introduced an "inhomogeneity factor" ℎ between 0 and 1, which 437 accounts for the reduction in overall permeability due to spatial arrangement of PDs. We found that 438 the degree of PD clustering had a strong impact on this factor, whereas the exact spatial distribution 439 of either isolated PDs or clusters had little impact. 440 Our model uses an unobstructed cytosolic sleeve for symplasmic transport. In such models, the 441 DT gives the PD an annular cross section, which strongly increases transport capacity compared to 442 cylindrical channels with the samē and total cross section area at the entrance, particularly for (Zambryski and Crawford, 2000; Crawford and Zambryski, 2000) . This feature, however, can be 446 exploited for the spreading of viruses (Benitez-Alfonso et al., 2010) and other intracellular parasites 447 such as the fungus Magnaporthe oryzae (Kankanala et al., 2007) . (Nicolas et al., 2017b) . This is not, however, the only 462 way to explain these observations. Necked/dilated PDs might appear because 1) size selectivity is properties. Although a molecule's hydrodynamic radius is a better predictor of its symplasmic 484 transport efficiency than its molecular weight (Terry and Robards, 1987; Dashevskaya et al., 2008) , 485 it conceptually assumes a static replacement sphere. Saleh et al., 2018) . Additionally, molecules 490 could pass in the wake of larger proteins/complexes/structures that modify PDs (e.g., tubule-forming 491 viruses (Amari et al., 2010) ). Assessing the extent and time scales of temporal variations in PD 492 boundaries and their implications remains an open topic for future investigation. 493 The framework we have developed for so-called "simple" PDs also provides an intuition for the 494 functional implications of complex geometries such as "twinned", "branched" or "funnel" PDs (Ehlers 495 and Kollmann, 2001; Ehlers and van Bel, 2010; Faulkner et al., 2008; Ross-Elliott et al., 2017) . All 496 else remaining equal, "twinned" PDs have twice the entrance surface area, which would result in 497 doubling the effective permeability ( ). This increase, however, will be reduced because of the 498 less uniform PD spacing in a density dependent manner (Figure 7A) . "Branched" or "complex" PDs 499 contain multiple sub-channels (branches) on at least one side with typically a single shared central 500 cavity connecting all branches (Oparka et al., 1999; Roberts et al., 2001; Fitzgibbon et al., 2013) . 501 In the leaf sink/source transition, massive branching is observed and, coincidentally, the number 502 of PDs is reduced (Roberts et al., 2001) . The formation of many channels per PD could help to 503 maintain sufficient transport capacity for smaller molecules. If so, the increase in the number of 504 typically narrower channels should be much larger than the decrease in total (simple or complex) 505 PD number. Our computations of ℎ after twinning suggest that minimizing the distance between 506 sub-channels could be favourable at low to moderate PD densities (Figure 7C) the transport permeabilities of these PDs. 514 We have applied our model to calculate the effective permeability for fluorescein in transverse 515 walls of Arabidopsis root tip cells Rutschow et al. (2011) . Assuming purely diffusive transport 516 and parameters based on various ultrastructural measurements, we were able to reproduce the 517 observed effective permeabilities for CF and to assess the plausibility of different hypotheses aimed 518 at resolving the conundrum of apparently incompatible measurements at different scales. For 519 resolving this conundrum, we assumed that not all PD dimensions are reliably measured with 520 EM. We could reproduce the measured values with somewhat wider PDs/neck regions or several 521 fold higher PD densities than usually measured by EM. Of these, the increased radius seems the 522 more plausible scenario, in line with the requirements for efficient GFP transport reported to occur 523 among root meristem cells (Benitez -Alfonso et al., 2009, 2013; Nicolas et al., 2017b) , and similar to 524 values reported in thicker cell walls (Zhu et al., 1998; Grison et al., 2015; Nicolas et al., 2017b) . 525 Remarkably, our model predicts very similar PD aperture in the transverse walls of the epidermis 526 and the more interior root layers when considering the ≈ 2-fold difference in PD density (Zhu et al. into such units. 539 We also used our model to predict the PD changes after treatment with high and low concen-540 trations of H 2 O 2 in Rutschow et al. (2011) . The reduced permeability after high H 2 O 2 treatment 541 could easily be explained by a redox induced stress response and corresponding reduction of PD 542 aperture (e.g., at a density of 10 PD/ m 2 , a reduction from̄ = 4.2 -5.2 nm tō = 1.5 nm would be 543 required, see Table 1B ). The strongly increased permeability after low H 2 O 2 treatment, however, 544 is harder to explain. With a single parameter change, the model predicts either a very wide PD 545 aperture of̄ = 8.8 -10.5 nm, or a ±4-fold increase in PD density (possibly through 2 rounds of 546 twinning/duplication), or less extreme changes if both parameters increase simultaneously (see 547   Table 1C ). The required increase in PD density should occur relatively fast, i.e., within the applied 548 incubation period of 2 hours, and is so large that it should be readily detectable with EM. 549 The fact is that to reproduce experimentally measured CF effective permeabilities with our 550 model, we had to deviate from ultrastructural based values for at least one parameter. Potential (Rutschow et al., 2011; Liesche and Schulz, 2012) . 565 To assess the impact on effective symplasmic permeability of various PD distributions, including 566 clustering into pit fields, we introduced the inhomogeneity factor ℎ that accounts for the fact 567 that the wall is only permeable at certain spots (i.e., where the PDs are located). Clustering into 568 pit fields had by far the largest impact on this factor, particularly for lower PD densities. This 569 means that not only total PD density, but also the degree of clustering is important information for , 2014; Ross-Elliott et al., 2017) . Using typical PD dimensions and no clustering, inhomogeneity 574 factor ℎ would reduce the effective symplasmic permeability by about 15%, meaning that our 575 model would require slightly wider or more PDs to explain the same tissue level experiments with 576 straight channels compared to the above models.
577
A dilated central region is also considered in Blake (1978) , who investigates hydrodynamic flow 578 only. There is, however, an interesting similarity between both conditions: in both cases the driving 579 gradient is steepest in the (narrowest part of) the neck region, be it the concentration gradient 580 (Appendix 2 Figure 2A) or the pressure gradient (Blake, 1978) ., 2019) . Simple considerations of the available volume suggest that the addition of spokes will 594 increase hindrance effects, but most likely to a lesser extend than the sub-nano channel structure. 595 Detailed molecular simulations could be a valuable tool to assess this effect. 596 Other future applications could be the coupling of our detailed PD level calculations of effective 597 symplasmic permeability with tissue level models, which would allow for investigating the impact of 
This choice is supported by the steric hindrance prefactor that is included in ( ) Dechadilok 637 and Deen (2006) . This Φ( ) = 1 − is the same as the ratio of available to full surface areã ( )∕ .
638
For cylindrical channels, i.e., reference channels in Figure 5 and For assessing the impact of the neck constriction on PD transport, we defined two relative quantities: 644 = ∕ and = ∕ (Figure 4, Appendix 3 Figure 1) . Using Equation 2 for 645 ( ), is well defined:
For we first needed an expression for itself. Ideally, this would be a MFPT, which could 647 calculated in a way similar to ∥ in the calculation of ℎ , using a narrow-wide-narrow setup. These 648 calculations, however, critically depend on trapping rates at the narrow-wide transitions. We 
Unfortunately, this depends on the concentration difference over the channel. We are interested, 655 however, in how the MRT changes with increasing . In our definition of , the concentration 656 difference cancels from the equation, solving the problem:
This method of computing again depends on the homogeneous flux assumption. For an estimate 658 of the error introduced by this approach, see Appendix 2.
659 Flow towards PDs: correction for inhomogeneity of the wall permeability 660 To compute ℎ , we consider a linear chain of cells that are symplasmically connected over their 661 transverse walls (Figure 1) . We first compute mean first passage time (MFPT) ∥ through a simplified 662 PD and a column of cytoplasm surrounding it. We then convert ∥ to an effective wall permeability 663 and compare the result with the uncorrected effected permeability computed using Equation 6 for 664 the simplified PD geometry and ℎ = 1.
665
As a simplified PD, we use a narrow cylindrical channel of length and radius , i.e., initially 666 without DT. We assume that PDs are regularly spaced on a triangular grid. Consequently, the 667 domain of cytoplasm belonging to each PD is a hexagonal column of length , the length of the 668 cell (Figure 6) . We adjust the results reported by 
is a trapping rate to map the 3D setup onto a 1D diffusion problem. In this,
is a function that monotonically increases from 0 to infinity as , the fraction of the wall occupied 677 by the circular PDs, increases from 0 to 1. ( ) is the result of a computer assisted boundary 678 homogenization procedure with the values of and depending on the arrangement of trapping 679 patches (Berezhkovskii et al., 2006) . To maintain detailed balance, the corresponding trapping rate 680 must satisfy = , with the respective cross section areas of both tubes.
681
As PDs are very narrow, we must take into account that only part of the cross section surface 682 inside the PD is available to a particle of size . Additionally, a subtle problem lies in the determina-683 tion of , as it is impossible to create a space filling packing with cylinders. To solve both issues, 684 we rewrite Equation 16 to explicitly contain cross section surfaces. We then replace with̃ to 685 accommodate hindrance effects and we replace by 1∕ . We also ajust PD length:̃ = + 2 and 686 = − 2 . At the same time, we adjust ( ) to match a triangular distribution of the simplified 687 PDs by using = 1.62 and = 1.36 (Berezhkovskii et al., 2006) , which produces the hexagonal 688 cytoplasmic column shape. This yields:
We similarly adjust :
where ( ) is the hindrance factor for cylindrical pores (see methods). In the same fashion, we 691 also adjust . 692 We then invert the relation ∥ = 2 2 + 2 , where we write for the effective wall permeability 693 (Makhnovskii et al., 2009) , to obtain = 2 ∥ − 2 ∕ . With this, we can compute ℎ = ∕( Π( )), 694 where Π( ) is calculated using the same PD geometry. To validate the choice of boundary placement 695 underlying the calculations above, we also calculated the MFPT over two PD passages, i.e., by 696 shifting the reflecting boundary to the middle of one cell further. This resulted in a 4-fold increase 697 of ∥ and 2 and hence in exactly the same . 698 To assess whether the desmotubule has a large impact on ℎ , we further adapt Equation 19 699 by replacing̃ by our desmotubule corrected̃ , except in ( ). Additionally, we multiply ( ) by 700 = (̃ 2 −̃ 2 )∕̃ 2 . Numerical calculations in a simple trapping setup confirm the validity of reducing 701 ( ) proportional to the area occupied by the desmotubule whilst calculating based on the outer 702 radius alone (Appendix 4 Figure 1 and Appendix 4) . This is in agreement with results for diffusion 703 towards clusters of traps in 3D (Makhnovskii et al., 2000) . By the same reasoning, we introduced a 704 hindrance factor in . Finally, we adjust the hindrance factors to a slit geometry as before. This 705 results in:
To investigate the effect of different PD distributions, we used all relevant pairs of and in ( ) 707 for different regular trap distributions as given in Berezhkovskii et al. (2006) . As is calculated 708 implicitly from 1∕ , no other adjustments were necessary.
709
Correction factor ℎ for pit fields 710 For computing ℎ in pit fields, we used a two step approach similar to computing ℎ including DT 711 as described above. A similar approach is also followed for the sub-nano channel model. In this 712 calculation, a single pit field is modelled as a number of PDs on a triangular (or square) grid with a 713 centre-to-centre distance between nearest neighbours. We then calculate the pit radius, as 714 the radius of the circle that fits the outer edges of the PD entrances. In the trivial case of one PD per 715 "pit", = . For larger numbers of PDs per pit, see Table 2 . For this calculation, individual PDs are 716 modelled as straight cylindrical PDs with radius . We calculate a ∥ based on circular traps with 717 radius and a reduced efficiency based on the fraction of the pit that is occupied by the circular 718 PDs. We accordingly adjust , and ∥, :
where is the number of PDs per pit and = ̃ 2 ∕̃ 2 is the fraction of available pit area that is 720 occupied by available PD area, and
In these equations, is the total PD density. In our graphs, we either keep constant while 722 increasing to investigate the effect of clustering, resulting in a pit density of ∕ , or keep 723 constant to investigate the effect of (repeated) PD twinning. As a default, we used = 120 724 nm based on distances measured from pictures in (Faulkner et al., 2008) of basal cell walls of 725 Nicotinia tabacum leaf trichomes. To verify our calculations, we compared them with a single step 726 calculation with large circles only, i.e., with radius and density ∕ . As results in 3D suggest that 727 for strongly absorbing clusters, the outer radius and cluster density dominate the diffusion (survival 728 time) process (Makhnovskii et al., 2000) , this should produce a lower bound to ℎ . In terms of PDs, 729 this regime applies if a particle that reaches a pit field also has a high probability of entering in it. 730 Indeed, the values calculated with the two step method above were similar and somewhat larger 731 than with the simple large patch method, showing that our computation method is reasonable.
732
Only a relatively small fraction of the pits is occupied by the PD entrances (5-10% when modelled 733 as circles with = 14 nm and 3-7% with = 12 nm.). Consequently, this approach may become 734 inaccurate when gets too large. We indeed found instances where ℎ, was larger than 735 ℎ,
. In those cases, was in the order of ∕4 or larger. We assume that in those cases, 736 the clusters are so close, that the clustering has only minor impact on ℎ , and ℎ is better estimated 737 by the calculation for single PDs.
738 Computing required densities or̄ with default model 739 Numbers in Table 1 are computed based on forward computation of ( ) given ,̄ , corresponding 740 and other parameters with increments of 0.1 PD/ 2 ( ) or 0.01 nm (̄ etc.) and linear inter-741 polation between the two values that closest match the target ( ). This yields an error of less 742 than 0.0001 ∕ on ( ). We use = 0.5 nm for CF. The method for computing ( ) using the 743 unobstructed sleeve (default) model is described throughout the main text. PDinsight, the python 744 program used for computing all values in Table 1 , Appendix 5, Figure 8B and In absence of a DT, we can compute ∥, analogously to ∥ . This yields:
with̃ the hindrance adjusted volume of central region or single neck region. The expression in brackets is identical to the one in Equation 14, except for the addition of the last term, meaning that is an underestimation of the MFPT. Using ∥, to define an alternative for channels without DT, ∥, , suggests that is an underestimate of at least approximately 7-9% for = 17.5 and = 100 (Appendix 2 Figure 2) . This factor saturates between 1.35 and 1.40 for all relevant particle sizes in the limit of unrealistically large . For larger , the factor has the same maximum values, but these are approached slower. Hence, the error is less for realistic (e.g. 4-6% for = 200 and 2-3% for = 500 .) Scaling behaviour of and 1002 Rescaling of and is a way to collapse our understanding of the processes into simpler curves. The local flux is inversely proportional to the available cross section, motivating the ratiõ ∕̃ of the dilated channel as a rescaling factor for the x-axis. Using the limit for it is possible to almost completely collapse the curves for different particle sizes for a single , combination (Appendix 3 Figure 1B) . For rescaling of , we use its behaviour for large :
For large , becomes proportional tõ 2 . From this we derived a rescaling factor for : 1 (1−̃ ) with̃ the fraction of PD length occupied by the central region (adapted for particle size), that collapses the curves for for all and (Appendix 3 Figure 1C) . The rescaling factor for the x-axis,̃ ∕̃ , increases faster for larger particles. The reason is that decreases relatively faster with particle size thañ , which becomes intuitively clear from Figure 2C ,D. This difference explains why the curves for the largest particles are on top prior to rescaling (Figure 4) . The -rescaling factor implies that the MRT increases fastest if the central region occupies approximately half of the length of the channel. With our choice of a constant = 25 , this occurs at a wall thickness of ≈ 100 . 1022 Seen from the cytoplasmic bulk, the PD orifice has the shape of an annulus ("ring"). For our calculations above, however, we only have published trapping rates for circular traps. We tested two options for selecting an equivalent circular trap and trapping rate. For this, we numerically solved diffusion equations in a box with a single trap in the middle of one face and a source opposite to it (Appendix 4 Figure 1) . In the and direction, we used periodic boundary conditions reflecting a periodic array of traps. In the direction we fixed the concentration on side of the domain ("source plane") and used a radiating boundary condition with a mixed rate ( , ) = ( , ) on the other side ("target plane"). We chose the trapping rate proportional to the diffusion constant, as the flux and molar flow rate through single PDs ( ( )) are proportional to (Equation 2) . For PDs, the target plane contained the "front view" of a single channel: an annulus with inner radius , outer radius and surface area . Within this annulus ( , ) was set to unity ( ( , )| = 1∕ ) and 0 outside. For the corresponding homogeneous target plane ℎ = ∕ . At the grid level, the pixels at a boundary of the annulus had proportional to the fraction of their surface falling inside the annulus. The reference flux was computed analytically, exploiting that within each plane at a given distance from the target plane, the concentration is the same everywhere. This allows for a trivial mapping to a 1D system. These 3D numerical calculations were performed using the Douglas method for 3D alternating direction implicit diffusion (Douglas and Gunn, 1964) . To save computation time we used the analytically calculated reference profile as an initial condition for all calculations. We found that the annular patches gave the same result as circles with radius and ( , )| = ∕ , i.e. that the outer radius of the patch was most important (Appendix 4 Figure 1) , In line with results for diffusion towards clusters of traps in 3D (Makhnovskii et al., 2000) . These calculations support the choice of trapping rate in the calculation of ℎ including DT.
Numerical calculations for trapping rate of annular trap
Required densities or̄ for the sub-nano model are computed with PDinsight similar to the default model. Additionally, we use the following approximations. For computing based on a given̄ , we compute a density multiplier based on (Equation 7) and Figure 5 . This implicitly assumes that ℎ is not affected by the different PD density. For example, for̄ = 2.5 nm, a 16.8 (Equation 7) × 1.63 (Figure 5 ) / 9 (channels per PD Olesen (1979) ; Liesche and Schulz (2013)) = 3.04 times as high density would be sufficient. These numbers are the same for straight PDs of any length. For calculating , , we assume that the sub-nano channel structure only occurs in the neck region, with an unobstructed sleeve with = + 2̄ in the central part. Using a homogeneous flux assumption around the transition between both parts, the factors reduce to (2̃ + (1 − 2̃ )∕ )∕ . Similarly, is computed by assuming a 1 nm thick sub-nano channel structure at both ends of the PD.
As ℎ is affected by and values get quite large in our calculations with fixed, we follow a different approach for computinḡ and , based on a given . We use forward calculations based on 9 cylindrical channels in a PD, with the trapping rate adjusted with an outer radius ′ that would fit all nine channels surrounding the DT.
wherẽ is the surface area per cylindrical channel and = 9(̄ − ) 2 ′2 is the fraction of the enveloping circle that is occupied by the 9 channels. For sufficiently small̄ , the nine circular channels and minimal protein spacers (at least 1 nm wide) all fit while touching the DT. In that case: ′ = = + 2̄ . With = 8 nm, this is possible up tō ≈ 3.4 nm. For larger̄ , the spacer requirement determines the outer radius of the composite of 9 channels and ′ =̄ +̄ + ∕2 sin( ∕9) , where = 1 nm is the spacer width.
does not occur in this equation, because the cylindrical channels can no longer (all) touch the DT. 1 ) and the sub-nano channel model. A: Required density ( ) given̄ and corresponding neck radius ( ). B: Required̄ and corresponding given . For ( ) = 25 m/s, also values for a 2x, 3x and 4x increase of are computed. This is done both for a uniform increase of the density ( = 1) and for (repeated) twinning ( > 1) from a uniform starting density (indicated in bold). A, B: The + sign at indicates that the stated is too narrow to fit nine sub-nano channels that touch a DT with = 8 nm. Models used for calculating required densities: , : default unobstruced sleeve model, , , : sub-nano channel model, , : sub-nano channel model restricted to the neck regions ( = 25 nm), and : 1 nm thick structures at both PD entrances locally similar to the sub-nano channel model. *:̄ is calculated using that allows for 1 nm spacers. C: is the number of PDs per pit. This table was generated using PDinsight.
The latest version of PDinsight + documentation can be downloaded from https://github. com/eedeinum/PDinsight. DOI: 10.5281/zenodo.3536704 Dotted lines indicate that neck length is unrealistically short ( < 15 nm), or the central region is too short for computations to be considered valid (conservatively estimated as − 2 < 2 ). C: Dependence of on for different PD length (line colours as in A). D: Dependence of on for different PD length (line colours as in A). C,D: Except for the scaling of the y-axis, curves for different particle sizes are highly similar. Default parameters:
= 12 , = 17.5 , = 8 . A only) and without (red) DT. In all cases, solid lines correspond to: = 100nm, = 10 m, = 0.5nm, a PD density of = 10 PD/ m 2 , and PDs distributed on a triangular grid. Broken lines show the effects of changes in particle size (A) or cell length (B). Vertical cyan lines in A indicate the in which ℎ is start to be measurable as determined by <̄ .
